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A FLIGHT AND SIMULATOR STUDY OF DIRECTIONAL AUGMENTAT ION
CRITERIA FOR A FOUR-PROPELLERED STOL AIRPLANE

By Hervey C. Quigley, Robert C. Innis, Richard F. Vomaske,
and Jack W. Rateliff

Ames Research Center

SUMMARY

A flight and simulator investigation has been conducted to determine the
directional augmentation required for satisfactory lateral-directional han-
dling qualities at low approach speeds for a large STOL airplane. The results
showed that augmentation was required to reduce sideslip excursion during
lateral maneuvering and to increase the directional damping.

Satisfactory directional characteristics were achieved with an augmenta-
tion system that drove the rudder in proportion to roll rate and aileron
deflection to improve turn coordination and in proportion to rate change of
sideslip to increase directional damping. This augmentation enabled the eval-
uating pilots to make acceptable hooded instrument landing approaches. The
unsatisfactory lateral characteristics of the airplane prevented complete
evaluation of the airplane in STOL operation.

INTRODUCT ION

Several flight investigations of STOL transport airplanes (refs. 1-U4)
have demonstrated that good STOL performance can be obtained with the
deflected slipstream principle. But the studies pointed out deficiencies in
handling qualities that would limit their utilization as military assault
transports or as commercial short-haul airliners. Most of the airplanes had
poor lateral-directional characteristics in the landing approach and these
greatly concerned the evaluating pilots.

Consequently, to study the lateral-directional control problem of large
STOL airplanes, the characteristics of the NC-130B airplane were used for a
simulator study; the results are reported in reference 5. The study showed
that handling qualities would be satisfactory if the directional stability
and sideslip rate damping were increased. To extend the simulator studies to
flight, an augmentation system was incorporated in the NC-130B to drive the
rudder in response to several inputs with variable gains.

The results of the investigation of the augmentation requirements for a
large deflected slipstream STOL airplane are reported herein along with the
pilot's evaluastion of the system.



NOTATION

lateral acceleration of center of gravity as measured by an accel-

dv
erometer, é‘-a%—e- + :é-r - gin ¢, g units

wing span, ft
trim 1ift coefficient

yawing-moment coefficient

Cn » per radian
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g acceleration of gravity, ft/sec?

Hz unit of frequency (1 hertz = 1 cps)
Tex moment of inertia about roll axis, slug-ft2
Izz moment of inertis asbout yaw axis, slug-ft®
m mass, g, slugs
G 2507
N. —=—, 1/sec
P i,,
qSb®
Ny, ooy » 1/sec
Cp ,aSb
vy BT e
Izz
R Cn’qu2
NB ""'g—'—' 3 1/Sec
NIy
Ch, 4qSb
Ns nsa ) l/Secg
a I
22
Cn. gsb
Ny nsr » 1/sec®
r I
Z2
P roll rate, rad/sec or deg/sec
q free-stream dynamic pressure, 1b/ft®
r yaw rate, rad/sec
8 wing area, ftZ
t time, sec
\') velocity, ft/sec or knats

Ve side velocity, ft/sec

(Ve)g side velocity due to gusts, ft/sec



W gross weight, 1b

Yg ) 1/sec
C aS
¥
Y5, —3F— , 1/sec
B sideslip angle, degrees or radians
B rate change of sideslip, rad/sec
Oy alleron deflection, degrees or radians
(Positive deflection is right aileron "up.")
B¢ flap deflection, deg
SP rudder pedal deflection, in.
(Positive deflection is left pedal forward.)
By rudder deflection, degrees or radians
(Positive deflection is trailing edge left.)
By lateral control wheel deflection, deg
(Positive deflection is clockwise rotation.)
0 mass density of ambient air, slugs/ftZ
T time constant, sec
¢ bank angle, radians or degrees
] heading angle, deg

EQUIPMENT AND TEST

Test Airplane

A modified Lockheed C-130B (NC-130B) airplane was used for the tests. A
two-view sketch of the airplane is shown in figure 1(a), and a photograph of
the airplane is shown in figure 1(b). Table I presents the pertinent
geometric data for the airplane.

The airplane was equipped with shroud-type, blowing boundary-layer
control on the plain trailing-edge flaps, on the drooped ailerons, on the
elevators, and on the enlarged rudder. The boundary-layer-control air was
provided by two engines that drove load compressors mounted on outboard wing
pods. The flight controls were actuated by an irreversible, fully powered,
hydraulic control system. The airplane is further described in reference 2.




For this investigation the rudder control system was modified to eliminate
the undesirable force characteristics noted in reference 2. The modified
rudder system also included an electromechanical extendible link that was
driven by the stability augmentation system.

Stability Augmentation System (SAS).- The SAS installed in the test air-
plane is a rudder servomechanism summed in series with the pilot's control
linkage. A block diagram of the system is presented in figure 2.

Any combination of seven inputs may be summed electronically to command
position of the SAS rudder servo. The servo is an electromechanical extendible
link, the length of which is controlled by a motor-driven lead screw. Actually,
two such servo units operate in parallel to generate the required power, and
the dual combination is referred to as the SAS servo.

Each electrical input signal is provided with a gain-controlling potenti-
ometer accéssible to the crew so that individual input sensitivities can be
varied in flight. The range of gains available for each input is given in
table II.

The SAS servo linkage is installed in the aft fuselage, between the rudder
cable bell crank and the hydraulic rudder control valveoin such a manner that
maximum servo travel of *0.5 cm deflects the rudder 157,

This series type of mechanical summation allows forces introduced by the
SAS servo to be reflected back through the control cebles to the rudder pedals.
These forces result from friction in the control system between the SAS servo
and the rudder valve and from the forces required to actuate the valve. For
this particular installstion the rudder valve forces were large because of the
viscous damper required on the valve actuator to insure stability of the basic,
nonaugmented rudder system. Therefore, when high rates are introduced by the
SAS servo, the pilot can discern objectionable force levels at the rudder
pedals.

The measured frequency response of the rudder control system, driven by a
constant amplitude sinusoidal signal to the SAS servo,is shown in figure 3.
For this test the pedals were restrained by the feelaspring centering force.
The input amplitude corresponded to approximately *3~ rudder deflection.

The response to larger amplitudes is seriously affected by rate limiting
since the velocity limit of the rudder is approximately 15  per second. Also,
the response to smaller amplitudes begins to become masked by the de%dband.
Tests indicated iO.5o backlash in the basic rudder system. At the 3 ampli-
tude, rate limiting enters into the response at frequencies above 0.6 Hz.
However, the data can be considered valid in the range expected in flight
below 0.3 Hz and the response corresponds very closely to a second order,
linear system response with a damping ratio of O.4 and a nagural frequency of
0.6 Hz. In figure 3 the phase is shown to be lagging by 25  at 0.3 Hz.
Again, phase shift depends on amplitude because of the effective time delay
associated with backlash.



The low maximum rudder rate of 150 per second results from the high con-
trol valve forces and the limited capability of the SAS servo actuator. Tests
with a more powerful servo indicated that the pilot could not tolerate higher
servo rates because of the excessive force feedback to the rudder pedals.

Instrumentation. - The instrumentation was essentially the same as the
equipment used in the flight tests of reference 2. Standard NASA instruments
and oscillographs were used to record the following parameters:

Angular velocities about all three axes

Roll and pitch attitude

Linear acceleration at center of gravity along all three axes

Control positions of aileron, rudder, elevator, and No. 1 and
No. 4 throttles

Control forces, wheel and column

Airspeed at wing tip boom

Altitude at wing tip boom

Angle of attack at wing tip boom

Angle of sideslip at wing tip boom

ILS azimuth and glide slope errors

Voltage from various SAS components

Except for the roll attitude gyro the input transducers for the SAS were
separate from the recording instrumentation. The sideslip vane for the SAS
was mounted on the forward portion of the fuselage above the cockpit. This
vene position was calibrated by reference to the sideslip angle vane on the
wing tip boom. The fuselage mounted vane had a 20-percent position error, but
gave a much "clearer" signal.

Simulator

The Ames Moving Cab Transport Simulator (fig. 4) was used in conjunction
with the flight test to evaluate the stability augmentation system. The
simulator had limited roll and pitch motion and a projected cloud and televised
runway display. Six-degree-of-freedom equation of motion for the alrplane
plus the kinematics of the stability augmentation system were programed on the
analog computer for the simulator tests. A roll angle autopilot was included
in the analog program for computing airplane response in turn entries.

Test Conditions

The NC-130B airplane in the STOL landing configuration was used to
evaluate theoaugmentatlon system. In the landlng configuration the flaps are
deflected 70", the ailerons are drooped 30 , and there is boundary-layer
control over the flaps and control surfaces; the landing approach speed is
70 knots. The average gross weight of the test airplane was 100,000 pounds.




The flight evaluations by three NASA pilots were made from the San Jose
Municipal Airport, which has a 30 approach Instrument Landing System (ILS).
The pilots rated the changes in augmentation according to table IITI. The
tasks used for the evaluation were (1) turn entries and S-turns, (2) release
from sideslip and rudder pulses to excite Dutch roll, (3) VFR approaches with
various offsets, (4) hooded ILS approaches, and (5) IFR operation in gusty
weather.

The airplane characteristics programed on the analog computer for the
computer and simulator runs were as listed in reference 5. Some minor changes
were necessary to make the computed response of the airplane match the flight
test data of this investigation. The evaluation tasks on the simulator were
the same as those in flight.

ANATYSTS AND RESUITS

Requirements for Augmentation

In a previous flight investigation of the handling qualities of the test
airplane in the STOL mode (ref. 2) a basic lateral-directional problem was
found to exist at low speeds in the landing approach. The flight study and a
follow-on simulation study (ref. 5) showed that low directional stability,
low directional damping, and adverse yaw due to lateral control were respon-
sible for the large sideslip excursions during maneuvers in the landing
approach or during flight in gusty alr at low speeds. The pilots found
these sideslip excursions difficult to control and rated the airplane unaccep-
table (PR 7-8) for hooded IFR approaches. Whenever the pilot attempted a turn
to correct a locaslizer error on an IFR approach, the airplane would initially
tend to skid and not turn as bank angle built up. This caused a large side-
s1lip angle and a lag of several seconds between bank angle and turn rates.
With low damping and highly adverse yaw due to aileron deflection, the pilot
found it almost impossible to coordinate the turn with rudder pedals.
Avgmentation is therefore required to improve the turn coordination.

The airplane in the STOL mode has low Dutch-roll damping (¢ = 0.1). The
Dutch roll was predominantly a directional oscillation with a low value of
|®|/|B|. The pilots found that to damp the directional oscillations, which
were easily excited by either maneuvering or gusts, required considerably more
time and concentration than acceptable. Augmentation is, therefore, required
to increase the directional damping.

Turn coordination.- The turn coordination problem of large STOL airplanes
is illustrated in figure 5. These time histories show the sideslip, yaw rate,
and bank angle in a rudder-fixed turn of the test airplane at 70 knots.
Because of the adverse yaw due to aileron deflection (-Nga) and adverse yaw
due to roll rate (-Np), the first directional response of the airplane to the
abrupt aileron input is a yaw acceleration opposite to the desired turn.
Sideslip immediately begins to develop because of adverse yaw and the lateral
acceleration due to bank angle. Even after the ailerons are neutralized,
sideslip continues to build up to a value sufficient to generate a yawing
moment (NBB) to turn the airplane. The simplified lateral-directional equa-
tion of motion related to turn coordination is developad in appendix A.




A convenient measure of the turn coordination of an airplane is the ratio
of the peak sideslip to peak bank angle, AB/A¢, that is present in a rudder-
fixed turn entry. The method used to determine AP and A® is illustrated in
figure 5. A well coordinated turn would have a low value of AB/AQ (i.e., very
little sideslip in a turn). The variation of AB/A®  with airspeed between 65
and 120 knots for the test airplane is shown in figure 6. The data show that
AB/A@ increases as airspeed is reduced; at airspeeds less than 100 knots,
AB/A¢ is greater than 0.3 and turn coordination becomes poor.

There are four terms in the equations of motion of an airplane in flight
that can account for the increase in AB/A® as airspeed is reduced: (1) an
increase in turn rate for a given bank angle (r =~ (g/V)®), (2) a decrease in
directional stability, Ng, (3) an increase in adverse yaw due to aileron
deflection, —Nsa, and (4) an increase in adverse yaw due to roll rate, -Np.

All are evident in the test airplane. The simulator study of reference 5
showed that turn entry characteristics are improved substantially at low ailr-
speed when the directional stability is increased. Further analysis

(appendix A) shows, however, that for perfectly coordinated turns (zero B),
directional stability N is not required, but the yaw due to roll rate must
be the proper positive value (Np = g/V). This investigation was, therefore,
centered on the use of yaw due to roll rate for turn augmentation,

The yawing moments required to coordinate a turn must be developed by
rudder deflection. Appendix A shows that for a zero sideslip turn, rudder
deflection must produce yawing moments proportional to roll rate,

o} /p =-(N - g/V)/Nar, to aileron deflection (to correct for adverse yaw

8./5g = Nsa/Na ), and to yaw rate (to compensate for the inherent yaw rate
damping of the airplane, & /r =N /N5 . The relative magnitude and phasing of

these three inputs are illustrated in figure 7. The figure shows an analog-
computed time history of a typical coordinated 10° bank turn in which the
required rudder deflection due to roll rate, yaw rate, and aileron deflection
has been separated incrementally. Large increments of rudder deflection due
to roll rate and aileron deflection are evident for this relatively mild turn.
The incremental rudder deflection due to yaw rate is small but in phase with
the yaw rate driving the directional damping to zero. Fortunately, since the
amount of sideslip resulting from turn rate is small and easy for the pilot to
control, the Sr/r term need not be included in the turn coordination
augmenter.

Yaw rate damping.- The second requirement for augmentation is satisfactory
directional damping. The basic damping of the test airplane is low with a
demping ratio of only 0.1 (t;;5 = 15 sec). The simulator test of reference 5
indicated little gain in pilot rating with yaw rate damping unless the
stebility was also increased. Since yaw dampers have been successfully used
on many conventional airplanes, further study was made to determine if yaw
dampers are suitable for STOL airplanes. The analysis showed that an increase
in the steady-state sideslip in a rudder-fixed turn accompanies increases in
yaw rate damping. This is illustrated in figure 8 which shows how the ratio of
steady-state sideslip angle to steady-state bank angle, B/d, varies with yaw
rate damping (Nr). These data show that for a satisfactory level of damping
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(N = -0.4 to -0.6), a sideslip angle of about one-half the bank angle

(B/® = 0.5) will develop in a steady-state turn. The yaw damper tends to
introduce more undesirable sideslip. A "washout" in the yaw damper circuit
would reduce the sideslip in a steady turn, but such a circuit would have
little effect on the peak value of AB/AQ.

Since steady-state B/@ for yaw rate dampers is inversely proportional
to airspeed as shown by the equation on figure 8, yaw rate dampers are satis-
factory at high airspeeds, but are unsatisfactory at the low approach speeds
of STOL airplanes.

Sideslip rate damping.- Sideslip rate damping (referred to as B damping)
was not found to have the difficulties of yaw rate damping discussed in the
preceding section. Figure 9 illustrates the differences by comparing time
histories of turn entries with the two types of damping. With B damping the
peak sideslip is lower as is the sideslip in the steady-state portion of the
turn. In releases from sideslip or rudder step maneuvers the differences are
small. The results of the simulator studies of the test airplane (ref. 5)
and the flight tests with the BLC equipped Boeing 367-80 (ref. 6) as well as
the flight studies of this investigation have confirmed the superiority and
effectiveness of B damping.

Although é damping is desirable, problems have arisen in mechanization.
Since there is no known way to achieve B damping aerodynamically, augmen-
tation schemes had to be developed. A method used in this study and in ref-
erence 6 was to differentiate the signal from a sideslip vane. This proved
quite successful in calm air, but unsatisfactory in gusty air or turbulence
where, of course, .good damping characteristics are needed. The problem was
that the system responded to the rate change of side gust velocity instead of
attempting to damp the response of the airplane to the gust. The solution,
therefore, was to produce a f input signal that was a function of the rate
change of the flight path of the airplane instead of the free air. The method
and equation used for deriving such a signal are developed and discussed in
appendix B. In figure 10 the two types of f damping are compared for an
airplane flying through mild turbulence. With a vane input, large amplitude
rudder motions forced the airplane into undesirable yawing motions that were
quite objectionable to the pilot both from a comfort and control standpoint.
With airplane response inputs the rudder input is small and is proportional to
the amount of the gust that is disturbing the airplane.

After flying with various amounts of damping, the pilot selected a level
that gave only a small overshoot (damping ratio between O.4 and 0.5) in side-
slip or yaw rate with rudder steps or releases from sideslip. More damping
was good in rough air and sidestep maneuvers, but made the airplane too
sluggish in decrabbing maneuvers. Less damping required too much pilot
effort.

Augmentation Techniques

The methods and techniques used in the augmentation of the lateral-
directional characteristics of the test airplane to improve its handling



gualities will be discussed in this section. The stability augmentation
system (SAS) that was used to drive the rudder in response to various inputs
is described in the Equipment and Test section of the report.

SAS inputs.- The SAS system had multiple inputs all with variable gains
and therefore many combinations of inputs were available. Much of the test
flying of the airplane was devoted to determining a satisfactory configuration
within the limits of the SAS. An SAS configuration was chosen on the basis of
the requirements discussed in the preceding section. The following table
lists the inputs and gains used:

Estimated
Input Purpose Gain augmented
derivative
Bq Reduce adverse yaw By/Bg = -0.24 Ngg = O
P Turn coordination 5¢/p = -1.3 sec Ny = 0.23
J 8p/0 = -0.4
r Directional damping 5¢/r = 1.5 sec Nép = 0.27
Ay Sr/Ay = -Oo)'l’ rad/g

The aileron input gain was the value estimated to give near zero yawing
moment with full control. It was found, however, that the yawing moment due
to aileron deflection was not linear. The gain listed in the table was too
high for small wheel inputs required, and was noticeable to the pilot
when he was compensating for the spiral instability in a steady turn; the
plilots preferred the gain listed because of the better turn entry character-
istics. The roll rate (p) input gain was set to give the augmented airplane
an N, of about g/V at the approach speed of 70 knots. The value used in
the evaluastion was estimated from flight test data to be 0.23 (i.e., 0.85 g/VL
At airspeeds much above 100 knots in the climb after take-off or in the tran-
sition to approach speeds, the augmented N,, was too high and disturbing to
the pilot. It was necessary, therefore, nog to engage the SAS at too high
an airspeed during transition and to disengage the system soon after take-off.
This aspect posed a problem for Ny augmentation but could be solved by
either introducing a velocity term into the gain computations or simply cut-
ting the Np input in and out as a function of airspeed or perhaps flap
deflection.

The Bp damper inputs, which consisted of a summation of roll angle, ¢,
yaw rate, r, and lateral acceleration, Ay, gains, were set to give a damping
ratio of about O.4. The optimum gains for the ® and Ay inputs to the B
damper vary with speed while the 1 input does not. The ] damper can
only be optimized for one airspeed. The gains listed were satisfactory for
speeds between about 60-90 knots.
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Simulation of SAS.- It was found early in the program that the 150 per
second maximum rudder rate with the augmentation servo and the 15 rudder
deflection authority of the SAS caused large lags and nonlinearities between
input signals and rudder deflection. To study the effects of these lags and
nonlinearities the test airplane characteristics and the SAS characteristics
were programed on the analog computer. Both analog computer runs and a
piloted simulation were conducted to compare the lateral-directional character-
istics of the simulated airplane with various rates and authorities in the SAS.

Figure 11 is a block diagram of the SAS, as simulated on the analog
computer. The program included a si gle lateral axis autopilot that would
give a bank angle response of lO 5 207, or 30 which was similar to piloted
flight. In figure 12 the computer response is compared with actual flight.
Good agrgement in control deflections, bank angle, and turn rate is indicated
for a 20 bank turn. The response of the simulated airplane with various SAS
characteristics was then compared and the results for four different SAS
characteristics are presented in table IV. The no SAS case is also shown for
comparison. The peak sideslip angle shows the effectiveness of the SAS in
achieving turn coordination. Peak adverse yaw rate is a measure of the
effectiveness of the SAS to compensate for the adverse yaw due to aileron and
roll rate. Configuration No. 2 is the simulated SAS in the airplane, No. 3 is
the same system with increased servo actuator rate, and No. L is a nearly ideal
system with the rate and authority equal to the capability of the basic air-
craft rgdder system. The table shows that all the systems perform a relatively
good 10~ bank turn entry (B < 3 ) L < 0.01) but require almost all of the SAS
servo authority (i.e., 1lb. 50 Vs 15 rudder deflection). For 30O bank turns a
maximum servo rate of at least 30° per second and rudder authority of about 4o
would be required.

The pilot, performing a lateral offset task on the simulator, could tell
little difference between ghe various SAS characteristics except in maneuvers
that required more than 15  of bank.

The effect of the lags on damping was small unless the rudder deflection
was at the augmentation servo limit. With the SAS of the test airplane sim-
ulated (configuration No. 2 on table IV), the pilot disliked the sudden change
in damping characteristics in large bank angle maneuvers where the rudder
deflections required would be greater than the maximum available. The lags
had some small effects on the directional frequency at large amplitude in
sideslip, but not enough to be noticeable to the pilot.

Although peak sideslip and peak turn rate in the simulated turn maneuver
were similar for several different SAS configurations, the phase was different
as illustrated in figure 13. The first peak value of sideslip, for example,
occurs at about 2—1/2 gseconds of the maneuver for configuration No. L while
the same value of B occurs at about 7 seconds for configuration No. 5. On
the simulator, the differences shown were barely noticeable to the pilot.
They do, however, compromise the data analysis for defining the effect of
parameter changes on the airplane lateral-directional characteristics.

From the results of the analog computer and simulator study it was
concluded that the pilot opinion data obtained in flight with the test airplane
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would be valid for offset maneuvers where bank angles between 150 and 200 are
normally used. The flight data will show the inputs required and the effec-
tiveness of directional augmentation in improving the handling qualities of
STOL airplanes.

Pilot Flight Evaluation

A pilot's evaluation was conducted to assess the effect of the SAS on the
pillot opinion of the lateral-directional handling qualities of the test air-
plane at 70 knots airspeed. Early in the evaluation program it became appar -
ent that the lateral control characteristics were unsatisfactory (pilot
rating, 6-1/2), and that they made it difficult to evaluate the augmented turn
coordination and directional damping characteristics. The unsatisfactory
characteristics were the low lateral control power and sensitivity, poor lat-
eral control centering and high friction, and spiral instability. To evaluate
the effects of the SAS on the handling qualities, the pilot first performed
the evaluating maneuver without SAS and then with SAS. In this manner he was
able to separate, to some degree, the effects of SAS from the unsatisfactory
lateral characteristics. The pilot ratings for the two characteristics were:

SAS off SAS on

Turn coordination 7-8 3-1/2
Directional damping 6-1/2 3-1/2

Obviously, augmentation was effective in providing the pilot with satis-
factory turn coordination and damping characteristics. The pilot also noted
significant improvements in the hooded IIS task. Without augmentation they
found it impossible (pilot rating 7-8) to make ILS approaches because of the
difficulty in tracking the localizer beam. The problem was due to a combina-
tion of effects which saturated the pilot's ability to cope with all of the
control requirements. VFR approaches were possible, however, because precise
heading control was not required. With SAS, successful ILS approaches were
possible even in mild turbulence. The SAS also greatly reduced the pilot's
workload by eliminating the need for him to constantly correct sideslip
excursions and to damp the yawing oscillations.

Although the pilots rated turn coordination and directional damping 3-1/2
in ILS approaches, their overall lateral-directional rating was 6—1/2 because
of the poor lateral control characteristics.

In the approach the limitations of the SAS, discussed in the preceding
section, were not apparent to the pilot because of the small peak bank angle
and low roll rates required in the approaches used. Figure 1k shows the vari-
ation of altitude and offset distance to perform a sidestep maneuver assuming
a sinusoidal banking angle variation with time for peak bank angles of 10° and
20°, and, separately, roll rates of 5° and 10° per second. These data were
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computed by the method of reference 7 and correlate well with flight data.
The data show that at these low airspeeds and at a flight-path angle of —5 s
less than 150 feet of altitude is requlred to perform a 300-foot lateral off-
set with a maximum bank angle of 20° and a maximum roll rate of 10° per
second. The pilots felt, however, that the capability to make a precision
turn with bank angles as high as 30 would be desirable in STOL airplanes
where airspace patterns are minimum.

Even with augmentation, the pilots considered the handling qualities of
the airplane to be deficient for low speed approaches. The pilots' comments
indicated that several improvements would be required before the airplane
could be completely evaluated in STOL operations. The SAS system would have
to be improved by increasing the actuator rates and the maximum rudder author-
ity to permit maneuvering to higher bank angles and higher roll rates.

The mechanical characteristics of the lateral control system should be
improved by reducing the friction and providing positive centering. The wheel
deflection for maximum rolling moment should be reduced to increase the lat-
eral control sensitivity; this change would also require an increase in the
maximum actuation rate of the aileron to prevent the pilot from experiencing
nonlinear force characteristics. And, perhaps most important, lateral
augmentation should be provided to stabilize the spiral mode.

SUMMARY OF RESULTS

This flight and simulator study investigated techniques for augmenting
the lateral-directional characteristics of a large STOL transport airplanes to
improve handling qualities in the landing approach.

For the airplane tested, augmentation was required to help the pilot con-
trol sideslip when maneuvering in the approach or when making approaches in
gusty weather. With augmentation to improve the turn coordination and
directional damping, the sideslip excursions could be reduced satisfactorily.

Turn coordination was augmented with a system that drove the rudder in
proportion to roll rate and aileron deflection. For satisfactory turn coordi-
nation the system did not eliminate all sideslip, but the peak sideslip to
peak bank angle ratio was reduced to less than 0.3 in a rudder-pedal-fixed
turn entry.

Directional damping was augmented with a system that drove the rudder in
proportion to the rate change of sideslip relative to the airplane flight
path. This damper system derived its inputs from internally mounted instru-
ments (roll attitude, yaw rate, and lateral acceleration) and, therefore,
excluded the random inputs due to sharp edged gusts. The gain of the side-
slip rate damper was adjusted to give a damping ratio of between O.4 and 0.5.

The rudder authority for augmentation depends on the maneuvering required
of the airplane in the landing approach. TFor the NC-130B airplane of this
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investigation 25-percent rudder authority (150) enabled the airplane to be
maneuvered to a bank angle of about 15° at the 70-knot landing approach speed.
Higher maneuvering capability and, therefore, higher rudder authority will be
demanded for most STOL missions.

Ames Research Center
National Aeronautics and Space Administration

Moffett Field, Calif., 94035, Sept. 7, 1966
721-04~00-02-00-21 .
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APPENDIX A

RUDDER REQUIRED FOR TURN ENTRIES

The rigorous solution to the turn entry problem is best solved on an
analog or digital computer. The rudder required for turn entries can be
approximated, however, by the following simplified equations and assumptions.
The simplified solution is presented to show the more important terms that must
be considered in a stability augmentation system for STOL airplanes. Results
of both rigorous computer analysis and actual flight-test results with stabil-
ity augmentation systems indicate this simplified approach to be satisfactory
for analysis of airplane handling qualities.

The simplified lateral-directional equations of motion used in the
derivation are as follows:

pb _ 2m (4B
£ 4 ds = — + Al
thrim<1> + cyBB + cyarar + cyp = Cy5a a = 57 <dt r (A1)
b rb 2 dr
C + C =+ C — + C dg + C Op = ——= 1 = A2
nBﬁ np oy ny oy ng,, 08 g ST ¥ T5ovE 1227 at (A2)
Letting
pb
Cy ®p=Cy 85 =0Cy, ==0
Ygr r .Vsa a Ip 2ov
equation (Al) in dimensional coefficients becomes
B _ & 4
Fril SR Y (A3)
and equation (A2) in dimensional coefficients becomes
dr
i - NBB + Npp + Npr + Nsasa + Nsrsr (Ak)

To maintain zero sideslip in a turn entry

5
1
o

Equation (A3) reduces to
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0= % ® -r+0
(85)
r=8 o
A
and differentiation of equation (A5) gives
dr _ g
at " v P (46)

Solving equations (Al4) and (A6) simultaneously for 5, in terms of @, r, and

Bq

2rop. .- Cag (AT)

Since the Bdg term is for correcting adverse yaw due to aileron deflec-
tion, and the r term for compensating for yawing moment due to turn rate, the
terms remaining are those required for turn coordination. The requirement for
zero sideslip turn entries is

- _[M} D (A8)

or

Ny = g/v (A9)
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APPENDIX B
DEVELOPMENT OF EQUATIONS FOR SIDESLIP RATE DAMPERS

The development of the equations used in the design of sideslip rate
dampers is based on the same simplified lateral equation of motion used in
appendix A. Tt was assumed that there were no aerodynamic § derivatives and
that the angles were so small that the sine of the angle was equal to the angle
in radians and that the cosine of the angle was equal to one.

b om [dp
o + 5.+ C, 2 4 B, = — | == + Bl
Lerim * CvpP %e o * Cyp %ys O = BSV <dt r) (B1)
If
L Cy.B + Cys Bp + C LI
Ay = wg [Cyp Voror T TVp oy T Ve B
and
_¥s e
Lirim  a oS
equation (B1l) becomes
aB _ g, g B2
dt'—.—v—¢ I'+v ()

In this expression dp/dt is defined as the rate change of the difference
between the flight-path angle in the horizontal plane and the airplane heading
and will be referred to as BP'

ey o T ey (53)

The rate change of sideslip that would be measured by a sideslip vane,
EV’ is the rate change of the angle between the free air stream and the air-

plane axis. Measured in this manner, BV would include gusts.

(Ve)

-3 - g g BY
by =50 -r+yh+ 3 (Bk4)

where (66) is the rate change of side velocity due to gusts.
g
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VANE-TYPE [ DAMPER

For a vane type of B damper the input to the augmentation can be
obtained from a vane that senses sideslip angle. The equation for the damper
includes a differentiating term and a filter term as follows:

> (B5)

where
s Bs
BV (tis + 1)(7T2s + 1)

(B6)

T1 time constant in differentiation
To time constant in filter
s Laplace operator
For the test airplane the following values were used:

0.02 sec

T1

T = 0.4 sec
PATH-TYPE f DAMPER

For the path-type g damper the input to the augmentation is obtained
from internally mounted instruments.

Equation (B3) shows that at a constant velocity the three inputs required
are &, r, and A,,. The input & can be measured with an attitude gyro; r,
with a rate gyro; and A, with a lateral accelerometer at the center of
gravity of the airplane.” With these inputs the equation for the Bp damper
is as follows.

e (BT)
N3 =DN. — B
Bp Srhp
Expanding by use of the expression in equation (B3) for BP
\'J Or 5 v Br
Ny ==N —=—-N —+ N (B8)
Pp & B, @ 3. T = 8 By Ay

and the ratlos of rudder deflection to the inputs ¢, r, and Ay are
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For the test airplane at a satisfactory level of damping at TO-knots
approach speed the following values were used:

N = 0.3 1/sec
By /

)
E% = -0.4 rad/rad
S
e 1.5 rad/rad/sec
)
<L - _0.4 rad/g

y

SIMPLIFIED PATH-TYPE J DAMPER

For STOL airplanes the Sr/A term contributes very little to the damp-
ing because of the low aerodynamic side forces at low airspeed. Experience
with the test airplane has shown that omitting this term from the damper has
little effect on either pilot opinion or damping ratio. If Br/Ay is omitted,
the BP damper equation becomes: 5, 5

. -_— Y_ —— - ——I—‘
and the ratios of rudder deflection to the inputs @ and r are
N‘o
°r_g '
) v Nsr
5r _ _
r  Np,
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TABLE I.- GEOMETRIC DATA

Wing
Total area, SG T « « o o o o o o o o o o o s o o s o o« o o« o . 1745.5
Span, ft . & « ¢« o o o o e e et e e e e s e e e e s e s e . 132.69
Mean aserodynamic chord, ft T S A P e
Taper ratio « « o o o o o o o o o ¢ o « o o o s s o o o o o o o .52
Aspect T8E10 « o o o ¢ o o o 6 o ¢ o o o 6 6 o s e v s e s e o o 10.09
Angle of incidence, deg
ROOEL & & ¢ o o s « o 6 o o 5 o o o o o o o o 8 o o s o o o » 0
Tip ® o s & e e 8 & e & 6 s ® * e e e ® e ® & e e s e ®w e e -300
Airfoil section
ROOL '« o o o o o o o o o o s o o o o o o o o o o o o o« « NACA 6L4A318
TiD o o o o e o o 4 s s s 4 s e s e v e o o o o NACA 6lhAlID
Dihedral (Lower surface), Aeg . . v v v w v v v v v e 2.3

Flap
Area’ Sq ft L] L] L ] L] L] L] L] . L] L] L] . . . L] L] L] L] L ] L[] L] L] * L ] L] . 287 A4 8
Span (each side), ft

Inb Oard [ ] L] L] L] L] . . - - L 3 [ L] L L] . ] - L] L] L] L] . L] . L] L] L] ll . 3
Outb Oard . L] ] L] L] . L] * . L] L] . L] [ L[] L] . . L ] [ ] L ] L] L L] L ] 26 . 2
Deflection (maximum), deg e e e b e e e e e e e e e e e e e 90.0

Chord (percent wing chord) « v v o o« ¢ o o o o o o o o o o o o o 25.0

Aileron
Area, s £L ¢ o o o o ¢ o o o 6 ¢ o o s 6 8 o s s e e 2 s s e o 110.0
Span (€ach Side) « « o o o o o o o o 5 o o o s o e o 0 0 0 . o . 18.8
Chord (percent wing chord) « o o « o o o o o o o o o o o o o o 28.0
Droop, deg « « ¢ o o o ¢ o o . ® s v 8 s e s s e e s b e e 30.0
Travel (maximum from wing- chord llne)
Normal, deg
UDP o o o o o o s o s o o 2 o o o s o o o s s o o s o s o s 30.0
DOWIL o o o o o o o » o o s o 8 o o o o o s ¢ o o 4 o o o o 19.0
Drooped, deg
UD o 4 o o o o o ¢ o o s s o 6 9 3 o o o6 s o o o o o s o s 30.0
DOWIL o o o o o o s o o o o s s s s s s s s s s o o s s o s 60.0

Horizontal tail
AT€8, ST TH « o o o o o o o o o s o s o o e o v e e e e e« . 543,0
SPan, £ o ¢ o o o o o ¢ ¢ o s o s o s s o 2 o s 6 o 2 6 o e o 52.7
Airfoil sectiOn « o o o o o o o o o o o o o o o s o & » o o NACA 23012
Elevator area, Sq Tt « o o o o o o o o s o ¢« o o a o o s o o o« 1540
Elevator travel (max1mum), deg
UD ¢ o o o o o o o o o s o o o 8 s 8 o o 5 s o o 2 s s o oo 49.0
Down e s s e o o s o e 8 e o s s s e e 8 s e e s e e e 38.5

Vertical tail .

Area,; SQ Tt o o o o o o o s o s 6 e s s e e s s 0 e e 0 s s e e 330.0
SPan, Tt o o o ¢ o ¢« o o o o s s s e s e v s s s e s s e e e . 23.1
Airfoil sectiOn o« o o o o o s o o o o s s o » o« » Modified NACA 64A016
Rudder area, Sq L « ¢ o o o o o o o o o o o s o o o o o o o o o 98.6
Rudder travel (maximum), d€Z o o « « o o o« o o o o s o s o o o « *60.0
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TABLE ITI.- SAS INPUTS AND GAINS

Input
parameter

Range
of gains

B

hosl)

uﬁéﬁ

o
H

elé” 'dlé” we

R

S

[edled
o |

to %6 rad/rad

to -2.3 rad/rad/sec

to -3 rad/rad/sec

to -0.6 rad/rad

to 3 rad/rad/sec

to -1.7 rad/g

to -0.45 rad/rad
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(a) Sketch of test airplane.

Figure 1.- A modified Lockheed C-130B (NC-130B) airplane.
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Normalized rudder amplitude

Phase lag, deg
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180 L

Rudder commanded * 3°
amplitude through SAS

O Airplane
O Simulator

Frequency, Hertz

Figure 3.- Rudder frequency response.




*J09BTNUTS 3I0dsSuBII qB) SUTAO) SoWY - 2IM3STg

G1-9260¢€-V

29




30

¢, deg

—
-
——

04
Q
b o )
2 { |
5
©
S -04}
-ogt- | |
o T T T T T T 1
o
© -6
mo
-32 | | | | | | |
0O 2 4 6 8 10 12 14 16

Time, sec

Figure 5.- Time history of the response to a lateral control input;
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Figure 6.- Variation of the turn coordination parsmeter (AB/A®) with
airspeed for test alrplane; SAS off.
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3,, deg
-100 | | | | | | i | | {
0
p, deg/sec
-5 | | | | | I I |

-5 | | | | I | 1 | | ]
Aileron adverse yaw
o) < /&1
m
5 < \—Yow rote damping
3, deg Roll rate
10 |- Total
15 L | | I | | | | I |
2 4 6 8 10
Time, sec

Figure 7.- Time history showing rudder requirements for a coordinated
(B = 0) turn maneuver; V = 70 knots.
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Figure 8.- Variation of ratio sideslip to bank angle in steady-state
turn with rate damping.
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Figure 9.- A comparison of yaw rate and P damping in a turn entry;

Np = 0.27, V = 70 knots.
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¢, deg 20

r, radians/sec

-4

—— Flight

— — Analog computer
autopilot

60
40

3,, deg 20

-20

-40

e

Time, sec

Figure 12.- A comparison of turn entry time history in flight with the

analog computer autopilot.
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Figure 13.- A comparison of the sideslip phasing in a turn entry with
two values of maximum rudder rate.
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Y=-5°
V =70 knots
Pmox - 9°/sec
100 |-
P max =10°/sec
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Y =-3°
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P max =10°
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-
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L | J
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Offset distance, ft

Figure 1k4.- Change in altitude to perform sinusoidal sidestep maneuver.
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